Abstract: Undesired points of operation i.e. real pole in the right half of s-plane causes relaxation oscillation, especially in GHz-range of monolithic oscillators. They also prove to be 'hard' target for most of the very powerful circuit simulators, like SpecterRF for example. Since the behavior is best described by the Eigen values of characteristic polynomial, then we settle on investigating the operating points using the time varying root locus (TVRL) method. The numerical QZ algorithm has been practiced to compute the characteristic roots relative to periodic steady-state (PSS). The circuit is modified to avoid relaxation process and it confirms the proper sinusoidal operation of oscillator.
Introduction
Pole-zero computation of network transfer functions of a feedback system [1, 2] clearly demonstrates the existence of undesired phenomena i.e. latch-up or relaxation oscillations. However, transient simulations are not able to automatically detect the failure mechanisms for generation of sinusoidal oscillations [3] . The semi-symbolic TVRL analysis using the numerical QZ algorithm [4] has been described to analyze the start-up behavior of oscillators. Determining the periodic time-varying roots of the characteristic polynomial provide useful information about the undesired operating points of non-linear circuits [5, 6] . The symbolic TVRL analysis using the Muller algorithm [7] computes the system roots for one oscillation period and evaluates their trajectories using the steady-state time-domain periodic solution obtained by the SpectreRF simulator [8] . In this letter, the semisymbolic CAD algorithm [3] has been practiced for a steady-state analysis of largesignal active inductor oscillator. The TVRL approach helps a circuit designer to add new insights into the operation of start-up and frequency stability. Therefore, it could serve as an additional tool to ensure the sinusoidal operation of harmonic oscillator.
Circuit description
The high-level requirements for the frequency synthesis exclude the use of an LCbased resonator for the local oscillator such as those presented in [9, 10] . In these oscillators, both fast start-up and wide frequency tuning range are hampered by the high Q of the LC resonator. Therefore, in order to perform frequency synthesis in GHz frequency range and settle within a few ns, a small die area occupied active inductor oscillator is chosen. Fig. 1 shows the differential active inductor oscillator circuit designed in Cadence 45 nm Generic PDK library. The gate-biased crosscoupled NMOS (M 5 , M 6 ), are used to provide negative resistance for the oscillator core to cancel the resistive losses in the active LC tank circuit. The capacitors (C b ) are included for dc blocking, resistors (R g ) provides gate bias (using M 9 & M 10 ) and MOS transistors (M 7 -M 9 ) are used as current mirrors. The MOSFETs (M 1 -M 4 ) are used to form a two-port differential active inductor, which in conjunction with the capacitors (C 0 ) comprises an active LC resonator. From a DC-point of view, M 1 and M 2 form a cross coupled pair, while R f are the feedback resistors to improve the quality factor. The transistors (M 1 , M 2 ) operates in saturation-mode. As for M 3 and M 4 , they can operate either in saturation or triode region of operation, depending on the bias current.
TVRL algorithm description
The periodic steady-state (PSS) solutions of the proposed active inductor oscillator have been optimized with the SpectreRF simulator using Cadence 45 nm GPDK as shown in Fig. 1 . The node voltages at all time instants of one oscillation period (Tosc.) were saved in the files generated by Ocean scripts. Next, the values of fixed components and transistor small signal parameters are inserted in the G and B matrices [3] . Normalization can be used to improve the numerical accuracy before the values are placed in the matrices. The roots of the characteristic equation are computed with the QZ method (MATLAB) applied to the G and B nodal matrices. The behavior of large-signal oscillators is analyzed using the trajectory of the main complex-conjugated pair 0. The complex pole with the most positive real part, which crosses the imaginary axis of the s-plane, is the one responsible for the oscillations. As the roots evaluation using TVRL is based on circuit-description matrices and accounts for the full complexity of the oscillator, the method avoids typical feedback-loop-breaking operations [1] . The number of operating points in simulation depends on how the circuit is modeled, so it strictly requires the appropriate modeling of circuit components [11] . The quasi-static small signal model of the transistor [12] with the additional gate, drain and source resistances has been used. The proposed circuit has 43 nodes, which results in admittance matrix size 43 by 43. There are total of 35 roots calculated using QZ algorithm for the start-up. The roots calculated for Iref = 1.1 mA and V DD ¼ 1:8 V are shown in Fig. 2 . Most of them are real negative and located in the LHP, far from to the imaginary axis jω. From this plot we observe that with adequate dc loop gain, the complex conjugate pole ( 0 ) enter RHP from the left half (LHP) of s-plane. In this situation, the circuit is unstable and will produce a growing sinusoidal signal in response to an excitation. Fig. 3 . shows the root locus as a function of the varying transconductance gm. The locus of the complex root denotes the bias current range in which the circuit has a pair of RHP poles. If the loop gain is too large, the complex poles remains in the RHP. However, it is interesting to note in some cases when the loop gain is too large, the complex poles re-enter the LHP [1] . Under this condition the circuit is stable and would produce a decaying signal in response to an excitation. The proposed circuit does not show decaying signal. 
Frequency stability investigation using TVRL
The drain currents of M 5 and M 6 for one oscillation period with time instants A-H and corresponding small signal parameters for C, E, and G shown in Fig. 4 . The roots trajectory at large signal condition for one oscillation period is shown in Fig. 5 . However, only one root 0 crosses to the imaginary axis jω and travels between the left-half plane (LHP) and the right-half plane (RHP). The rest of the complex-conjugated pairs are situated far from jω axis in the LHP and all real roots are negative which corresponds to the absence of the typical for multivibrators triggering phenomenon [13] . Thus, it confirms that the relaxation oscillations cannot be initiated here and in case positive real pole exists; the circuit needs to be modified to avoid such undesired operating point.
The effect of the resonator quality factor on TVRL trajectory by varying the series resistors Rs of the integrated capacitors has been analyzed and shown in Fig. 6 . The TVRL obtained with Rs = 500 Ω goes deeper into LHP, happens due to the excessive losses in the LHP and Iref is increased to maintain the same voltage swing. Consequently, the increased negative conductance for the compensation of these losses will deteriorate the phase noise of oscillator. Fig. 7 . shows the root locus when V DD rises from 0 V to 1.8 V with in 100 ps rise time, is applied. During this transient time of 1 ns and step size = 10 ps, the dominant pole makes a short trip to the right of the final position (marked in the figure). When Iref = 0.6 mA, this trip is large enough for the pole to cross over to the imaginary axis jω. The circuit is unable to obtain sufficient dc loop gain for starting the oscillations and finally it settles down in LHP. It may happen due to the initial conditions provided by current source, power supply and capacitor voltages. When Iref = 0.8 mA & 1.1 mA, this trip is large enough for the main root to cross over to the imaginary axis jω and the dc loop gain is sufficient to develop into oscillations.
Conclusions
Various efficient circuit simulators are available today but none of them is able to automatically detect the operating points when the oscillator fails to generate proper sinusoidal signal. The TVRL trajectory of the dominant pole corresponding to PSS solutions has been used to predict the sinusoidal and relaxation oscillation mechanism. Furthermore development of this pole-zero computation approach can provide a supplementary tool to circuit designers, especially for the analysis of undesired operating points of non-linear circuits.
Acknowledgments
This work was supported by Academy of Finland fproject 270694 (DEFRES)g. 
